Zhu J, Cao G, Williams JT, DeLisser HM. SHP-2 phosphatase activity is required for PECAM-1-dependent cell motility. Am J Physiol Cell Physiol 299: C854 -C865, 2010. First published July 14, 2010 doi:10.1152/ajpcell.00436.2009.-Platelet endothelial cell adhesion molecule-1 (PECAM-1) has been implicated in endothelial cell motility during angiogenesis. Although there is evidence that SHP-2 plays a role in PECAM-1-dependent cell motility, the molecular basis of the activity of SHP-2 in this process has not been defined. To investigate the requirement of SHP-2 in PECAM-1-dependent cell motility, studies were done in which various constructs of SHP-2 were expressed in cell transfectants expressing PECAM-1. We observed that the levels of PECAM-1 tyrosine phosphorylation and SHP-2 association with PECAM-1 were significantly increased in cells expressing a phosphatase-inactive SHP-2 mutant, suggesting that the level of PECAM-1 tyrosine phosphorylation, and thus SHP-2 binding are regulated in part by bound, catalytically active SHP-2. We subsequently found that expression of PECAM-1 stimulated woundinduced migration and the formation of filopodia (a morphological feature of motile cells). These activities were associated with increased mitogen-activated protein kinase (MAPK) activation and the dephosphorylation of paxillin (an event implicated in the activation of MAPK). The phosphatase-inactive SHP-2 mutant, however, suppressed these PECAM-1-dependent phenomena, whereas the activity of PECAM-1 expressing cells was not altered by expression of wild-type SHP-2 or SHP-2 in which the scaffold/adaptor function had been disabled. Pharmacological inhibition of SHP-2 phosphatase activity also suppressed PECAM-1-dependent motility. Furthermore, PECAM-1 expression also stimulates tube formation, but none of the SHP-2 constructs affected this process. These findings therefore suggest a model for the involvement of SHP-2 in PECAM-1-dependent motility in which SHP-2, recruited by its interaction with PE-CAM-1, targets paxillin to ultimately activate the MAPK pathway and downstream events required for cell motility.
mitogen-activated protein kinase; angiogenesis; leukocyte transendothelial migration PLATELET ENDOTHELIAL CELL adhesion molecule-1 (PECAM-1) is a transmembrane glycoprotein that is expressed on endothelial cells where it concentrates at intercellular junctions (25, 34) . It is also expressed, albeit at lower levels, on platelets and leukocytes. In terms of its endothelial functions, PECAM-1 regulates leukocyte transendothelial migration (50) , participates in the molecular sensing of fluid sheer stress (46) , and confers resistance to apoptotic or endotoxic stresses (10, 31) . PECAM-1 is also involved in angiogenesis (8, 9, 15, 16, 41, 52) , where it has been implicated in endothelial cell motility (8, 9, 20, 28, 35) . Although initially described as a mediator of cell-cell adhesion, subsequent studies established that PECAM-1 also participates in intracellular signaling (18, 23, 25) . This signaling activity is mediated in part by tyrosine residues 663 and 686 of the cytoplasmic domain, each of which falls within a conserved signaling sequence known as the immunoreceptor tyrosine-based inhibitory motif (ITIM) (5, 36) . As with other ITIM-containing receptors, phosphorylation of these two tyrosine residues by protein-tyrosine kinases (e.g., Src, Csk, and Fps/Fes family kinases) (7, 27, 30, 47) generates docking sites for the binding and activation of several cytosolic signaling molecules containing Src homology-2 (SH2) domains, including the tyrosine phosphatase SHP-2 (7, 24, 30, 38) .
SHP-2 is a ubiquitously expressed 68-kDa nonreceptor protein tyrosine phosphatase composed of two amino-terminal SH2 domains, a catalytic phosphatase domain and COOHterminal tail containing two tyrosines Y542 and Y580, that form docking sites for SH-2 domain-bearing proteins (11, 14, 45) . SHP-2 is activated by the binding of tyrosine-phosphorylated proteins to the NH 2 -terminal SH2 domain causing exposure of the active catalytic phosphatase site (2) . It has been suggested that the COOH-terminal SH2 domain functions to stabilize associations made by the NH 2 -terminal SH2 domain (1) . In addition, a number of SH2 domain-containing adapter proteins associate with SHP-2 after receptor activation, including Grb-2 (growth factor receptor-bound protein 2), SHIP-1 [SH2 (Src homology 2)-containing inositol phosphatase-1], and SIT (SHP2-interacting transmembrane adaptor protein) (11, 14) , which link surface receptors to intracellular signaling pathways. A large amount of genetic and biochemical data demonstrate that SHP-2 promotes mitogen-activated protein kinase (MAPK) activation in response to diverse agonists. As a result it is a positive component of many growth factors, cytokine and extracellular matrix signaling pathways, and thus plays a role in diverse cellular processes, including proliferation, survival, differentiation, and migration (11, 14) . The importance of SHP-2 in vivo is evident by the fact that the loss of expression of functional SHP-2 in developing mice results in death between days 8.5-10.5 of gestation. These fetuses display multiple defects in mesodermal patterning as well as impaired hematopoietic development in embryonic stem cells (43, 44, 48) . In addition, genetic mutations in PTPN11 that cause hyperactivation of SHP-2 phosphatase activity have been identified in the Noonan syndrome, a human developmental disorder (43, 48) , and in various childhood leukemias (29, 44) . Activating mutations in SHP-2 have also been detected in sporadic solid tumors (11) .
There is evidence that the binding of SHP-2 to PECAM-1 following PECAM-1 tyrosine phosphorylation is involved in the enhancement of cell motility that results from the expression of PECAM-1 (35) . The molecular basis of SHP-2's activity in this phenomenon is unknown, particularly, whether the enhanced cell migration mediated by PECAM-1 is due to the activity of SHP-2 as a phosphatase and/or an adaptor/ scaffolding protein. Using cell transfectants expressing human PECAM-1, we therefore studied the effects of coexpressing various constructs of SHP-2, as well as the effects of pharmacological inhibition of SHP-2 phosphatase activity, on PECAM-1-dependent cell motility. The results of these studies suggest a model for the involvement of SHP-2 in PECAM-1-dependent endothelial cell motility in which SHP-2 binds to phosphorylated PECAM-1, becomes catalytically active, and dephosphorylates PECAM-1, leading to the release of SHP-2 from PECAM-1. The liberated, but now membrane localized, SHP-2 subsequently targets paxillin to ultimately activate the ERK/MAPK pathway and downstream events required for cell motility.
MATERIALS AND METHODS
Reagents and chemicals. All reagents and chemicals were obtained from Sigma (St. Louis, MO) unless otherwise specified. The SHP-2 inhibitor NSC-87877 (13) was obtained from Calbiochem (San Diego, CA). Pfu Ultra High-Fidelity DNA polymerase with reaction buffer was purchased from Stratagene (La Jolla, CA). Restriction enzymes and reaction buffers were purchased from Promega (Madison, WI). Rapid DNA Ligation Kit was purchased from Roche Applied Science (Indianapolis, IN). Kits for DNA plasmid purification and agarose gel extraction were purchased from Qiagen (Valencia, CA). Sequencing and PCR primers were synthesized by Integrated DNA Technologies (Coralville, IA). Competent bacteria and dNTP mix were obtained from Invitrogen (Carlsbad, CA).
Antibodies. The following antibodies targeting human proteins were employed: 4G6, a mouse anti-PECAM-1 antibody (a generous gift from Dr. Steven Albelda, University of Pennsylvania, Philadelphia, PA); 1.3, a mouse anti-PECAM-1 antibody (a generous gift from Dr. Peter Newman, Blood Center of Southeastern Wisconsin, Milwaukee, WI); a rabbit anti-SHP-2 antibody and a mouse anti-phospho-ERK antibody from Cell Signaling Technology (Danvers, MA); a rabbit anti-phosphotyrosine antibody and a mouse anti-paxillin antibody from BD Biosciences, Transduction Laboratories (Lexington, KY); a rabbit anti-ERK antibody from Promega; a rabbit anti-phos- pho-(Tyr-31)-paxillin antibody from Santa Cruz Biotechnology (Santa Cruz, CA); a mouse anti-GAPDH antibody from ChemiconMillipore (Temecula, CA); and a mouse anti-FLAG antibody from Sigma.
Generation of SHP-2 constructs. The following constructs of SHP-2 with a FLAG-tag were generated: wild-type SHP-2 (WT-SHP-2); phosphatase inactive SHP-2 (cysteine 459 mutated to serine; CS-SHP-2), and SHP-2 in which the scaffold/adaptor function has been disabled (tyrosines 542 and 580 mutated to phenylalanines; 2YF-SHP-2). Briefly, a wild-type SHP-2 construct (Addgene plasmid 8381: pCMV-WT-SHP-2, MA) was subcloned into pcDNA3.1(ϩ) vector with HindIII and EcoRV to obtain pcDNA-WT-SHP-2 without an hemogglutin antibody (HA) tag. A PCR product of 3xFLAG fragment with restriction digestion sites of NheI and KpnI was generated from pBICEP-CMV-2 (Sigma). 3xFLAG was subcloned into pcDNA-WT-SHP-2 to generate pcDNA-3xFLAG-WT-SHP-2 (WT-SHP-2). The resulting construct was then subjected to site-directed mutagenesis using the GeneTailor Site-Directed Mutagenesis System (Invitrogen) according to the manufacturer's instructions. Cys459 of SHP-2 was mutated to Ser459 by PCR using the forward primer 5=-CAGGGCCGGTCGTGGT-GCACAGCAGTGCTGGAATTGGC-3= with the reverse primer 5=-GTGCACCACGACCGGCCCTGCATCCATGATGC-3= to generate pcDNA-3xFLAG-CS-SHP-2 (CS-SHP-2). Point mutations converting Tyr542 and Tyr580 to Phe542 and Phe580 were generated by PCR using the following primer sets: for Y542 to F542, the forward primer 5=-GCAAGAGGAAAGGGCACGAATTTACAAATATTAAGTAT-3= with the reverse primer 5=TTCGTGCCCTTTCCTCTTGCTTTTCT-GCTCTT-3=; for Y580 to F580, the forward primer 5=-GAGAAGA-CAGTGCTAGAGTCTTTGAAAACGTGGGCCTG-3= with the reverse primer 5=-GACTCTAGCACTGTCTTCTCTCATTTCTGCAC-3= to generate pcDNA-3xFLAG-2YF-SHP-2 (2YF-SHP-2). These recombinant wild-type and mutant SHP-2 constructs were then subcloned into Cell culture and transfection. The human mesothelioma cell line REN (40) was cultured in RPMI media supplemented with 10% FBS, penicillin-streptomycin, and 2 mM L-glutamine. REN cell transfectants stably expressing human PECAM-1 (REN-HP) were cultured in the same media with G418 (0.5 mg/ml; GIBCO-BRL, Grand Island, NY) (8, 35) . REN or REN-HP cells were transfected with SHP-2 constructs described above using Lipofectamine 2000 (Invitrogen). Stable transfectants were obtained by selection with Puromycin (1 mg/ml) for REN cells and with Puromycin (1 mg/ml) plus G418 (0.5 mg/ml) for REN-HP cells, respectively. Positive clones expressing transfected SHP-2 constructs were confirmed by Western blot analysis.
Intracellular SHP-2 phosphatase activity. The intracellular SHP-2 phosphatase activity of lysates from stably transfected cell lines was determined using DuoSet IC (IntraCellular) Assay Development Systems (R&D Systems, Minneapolis, MN), according to the manufacturer's instructions. Briefly, cell lysates were aliquoted, frozen in liquid nitrogen, and stored at Ϫ80°C. Protein concentration was determined using the BCA Protein Assay kit (Thermo Fisher Scientific, Rockford, IL). Fifty microliters of each standard in triplicate were used to construct a standard curve, and the phosphate released over 30 min by 5 g total protein for each sample was assayed by the manufacturer's protocol. Absorbances were measured on 620 nm with the Beckman Coulter DTX880 Multimode Detector (Beckman Coulter, Fullerton, CA), and the phosphatase activity was calculated with the accompanying software.
In vitro cell proliferation. REN cells and REN cell transfectants were cultured for 24 -48 h in 96-well plates (4,000 cells/well), and the number of viable cells were determined using the Promega Cell Titer96 Aqueous Non-Radioactive Cell Proliferation Assay (Madison WI). This is a colorimetric assay with the absorbances measured at 490 nm.
In vitro wound-induced migration assay. The wounding of confluent cell monolayers was modified from previously published procedures (8, 35) . Twenty thousand REN cells and REN cell transfectants were added to 24-well tissue culture plates and allowed to grow to confluence. Linear defects were then made in the monolayer. The wounded culture was washed with PBS and then incubated for 24 h in complete media. With the use of computer-assisted image analysis and the MetaMorph software (Molecular Devices, Sunnyvale, CA), images were obtained immediately after wounding and then 24 h later, and the distance migrated by cells at the wound edge was determined. For each cell type three to five wounds were analyzed.
In vitro tube formation assay. In vitro tube formation was studied using previously described procedures (35) . REN cells and REN cell transfectants were plated on ECMatrix gel (a Matrigel equivalent) obtained from Chemicon. Fifty microliters of the solution were added to each well of a 96-well plate and allowed to form a gel at 37°C for 1 h. Twenty thousand cells in 200 l of complete media were subsequently added to each well and incubated for 8 h at 37°C in 5% CO 2. The wells were washed and the gel and its cells fixed with 3% paraformaldehyde. Total tube length per well was determined by computer-assisted image analysis using the MetaMorph software package.
Immunoprecipitation and immunoblotting. Cultures of confluent cells were serum starved overnight and then incubated for 2 h in medium with or without 0.5 mM sodium orthovanadate at 37°C before scratch wounds were made in the monolayer. For our biochemical analyses, multiple parallel wounds, 1 mm in width were made in the confluent monolayer of cells by drawing a specially fabricated squeegee, with comb-like teeth, across the culture surface of a T-25 flask. We have visually confirmed that with this procedure all of the remaining, attached cells are adjacent to a cell-free zone into which they able are to migrate. One hour after wounding, the cells were washed with ice-cold PBS containing 0.5 mM sodium orthovanadate and and then lysed in TNC (0.01 M Tris-acetate, pH 8.0, 0.5% Nonidet-40, 0.5 mM Ca 2ϩ ) with 1 mM sodium orthovanadate, 2 mM PMSF, and protease inhibitor cocktail (Sigma) for 20 min on ice. Extracts were clarified for 10 min at 4°C, and the supermatant protein concentrations were determined by the BCA assay kit (Pierce). Equal amounts (100 g) of protein were incubated with 2 mg of 4G6 anti-PECAM-1 or anti-paxillin antibody with rocking movement overnight at 4°C. Protein A Sepharose beads (GE Healthcore BioSciences, Piscataway, NJ) were added and incubated for an additional 2 h. After binding and collection were completed, the beads were washed three times with DOC wash (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 5% deoxycholate, and 0.1% SDS), dissolved in reducing loading buffer to release the immunoprecipitant. Proteins from immunoprecipitation or total cell lysates were resolved by SDS-PAGE (Novex; Invitrogen), followed by transfer onto nitrocellulose membranes using the iBlot Dry Blotting System (Invitrogen), which employs semidry electrotransfer. Membranes were washed in 1ϫ TTBS for 2-3 min, blocked with 2% BSA, and incubated with the primary antibody in 2% BSA for 1 h at room temperature or overnight at 4°C. Unbound antibodies were washed off with TTBS before membranes were incubated with horseradish per- oxidase-labeled species-specific secondary antibodies for 1 h at room temperature. After the membranes were again washed with PBS, bound antibody signals were detected by ECL substrate and documented on X-ray film. The chemiluminescent signals were quantified by densitometry (ImageQuant; Amersham, Piscataway, NJ).
Assessing the morphology of plated cells. REN cells or REN cell transfectants, resuspended in complete M199 medium, were lightly seeded into uncoated two-well Lab-Tek Chamber slides (Nunc, Thermo Fischer Scientific, Rochester, NY) followed by culturing for 2-3 days. Digital images were then captured. With the use of computer-assisted image analysis, the points on either side of the base of a filopodium, at which the stalk of the filopodium angles with the cell surface, were located and a line was drawn between these two points. A second line was then drawn from the center of the first line through the center of filopodium to its tip, the length of which was taken as the length of the filopodium.
Statistical analyses. Differences among groups were analyzed using one-way ANOVA. Results are presented as means Ϯ SE. When statistically significant differences were found (P Ͻ 0.05), individual comparisons were made using the Bonferroni-Dunn test. 
RESULTS

Expression of SHP-2 constructs in REN cell transfectants.
The expression of PECAM-1 in the REN cell mesothelioma line (40) has provided a useful system for modeling the function of endothelial PECAM-1 (8, 19, 26, 33, 35, 42, 49) (19, 33, 49) .
To define the requirements of SHP-2 in PECAM-1-dependent cell motility, the following constructs of SHP-2 with a FLAG-tag were expressed in REN or REN-HP cells: wild-type SHP-2 (WT-SHP-2); phosphatase inactive SHP-2 (cysteine 459 mutated to serine; CS-SHP-2); and SHP-2 in which the scaffold/adaptor function has been disabled (tyrosines 542 and 580 mutated to phenylalanines; 2YF-SHP-2) (Fig. 1A) . These constructs were successfully expressed at comparable levels in REN and REN-HP cells (Fig. 1B) . As expected, the SHP-2 phosphatase activity was increased in the cells expressing WT-SHP-2 or 2YF-SHP-2 but not CS-SHP-2 (Fig. 1C) . Furthermore, the expression levels of these constructs were such that they would exceed and displace the endogenous SHP-2. In the cells transfected with the SHP-2 constructs, we observed that the amount of endogenous SHP-2 was somewhat increased over that found in cells without these constructs. This suggests that the processes that degrade or turnover SHP-2 in the cell have a defined capacity and that the SHP-2 mutants, because of their abundance, out compete the endogenous SHP-2 for these processes.
Increased PECAM-1 tyrosine phosphorylation and SHP-2 association in PECAM-1 transfectants expressing phosphatase-inactive SHP-2. The wounding of confluent monolayers of PECAM-1-expressing cells such as HUVEC or REN-HP cells induces the tyrosine phosphorylation of PECAM-1 (on Y663 and Y686) and the subsequent binding of SHP-2 to PECAM-1 (35) . PECAM-1 tyrosine phosphorylation was therefore investigated in REN-HP transfectants expressing the SHP-2 constructs (Fig. 2) . As noted previously (35) , the wounding of REN-HP cells induced PECAM-1 tyrosine phosphorylation and recruitment of the endogenous SHP-2 ( Fig. 2A) . The wounding of REN-HP cells expressing WT-SHP-2 (Fig. 2B,  lanes 5 and 6) or 2YF-SHP-2 (Fig. 2B, lanes 9 and 10) induced PECAM-1 tyrosine phosphorylation that was comparable to control REN-HP transfectants (Fig. 2B, lanes 3 and 4) and accompanied by increased SHP-2 binding to PECAM-1. The behavior of the REN-HP cells expressing CS-SHP-2 ( Fig.  2A, lanes 7 and 8) , however, differed significantly from the other SHP-2 transfectants in two important respects. First, quiescent (unwounded) REN-HP/CS-SHP-2 cells demonstrated PECAM-1 tyrosine phosphorylation and SHP-2 association that exceeded the levels of resting WT-SHP-2 and 2YF-SHP-2 transfectants (Fig. 2B , lanes 7 compared with lanes 5 and 9; and Fig. 2, C and D) . Second, while wounding did in fact stimulate PECAM-1 tyrosine phosphorylation and SHP-2 binding (Fig. 2B, lanes 7 and 8) , the levels of tyrosine phosphorylation and SHP-2 binding associated with wounded REN-HP/CS-SHP-2 cells were two to three times that of the other REN-HP transfectants (Fig. 2A , lane 8 compared with lanes 6, and 10; and Fig. 2, C and D) . These data suggest that the level of PECAM-1 tyrosine phosphorylation, and thus SHP-2 binding, are regulated in part by bound, phosphataseactive SHP-2. This is consistent with a model in which SHP-2 binds phosphorylated PECAM-1, becomes catalytically active, and dephosphorylates PECAM-1 leading to the release of SHP-2.
Decreased cell migration, but preserved proliferation, in PECAM-1 transfectants expressing phosphatase-inactive SHP-2. The expression of PECAM-1 in REN cells stimulates an increase in wound-induced cell migration, and SHP-2 has been implicated in this process (35) . Wound-induced migration was therefore studied in REN and REN-HP cells expressing the SHP-2 constructs (Fig. 3A) . The expression of PECAM-1 in REN cells induced a 50% increase in cell motility, which was not augmented further by the presence of WT-SHP-2. This suggests that the endogenous levels of SHP-2 are fully sufficient to mediate this phenomenon. Significantly, the enhanced motility observed in REN-HP cells was completely lost if CS-SHP-2 was simultaneously expressed, whereas the augmented migration was preserved in the 2YF-SHP-2 transfectants. The expression of WT-SHP-2, CS-SHP-2, or 2YF-SHP-2 did not significantly alter the motility of REN cells lacking PECAM-1 (Fig. 3A) . These motility data are not related to changes in cell proliferation as the expression of PECAM-1 in REN cells does not significantly alter cell proliferation. Furthermore, the presence of WT-SHP-2, CS-SHP-2 or 2YF-SHP-2 did not inhibit the proliferation of REN or REN-HP cells (Fig. 3B) . Together, these data suggest that PECAM-1-dependent cell migration is mediated by catalytically active SHP-2.
Decreased filopodia formation in PECAM-1 transfectants expressing phosphatase-inactive SHP-2. Filopodia are a feature of actively motile cells, mediating several functions required for cell migration (21, 32) . We have previously demonstrated that PECAM-1 increases the rate and/or efficiency of filopodia formation (9) . Therefore, this activity may be one of the mechanisms by which PECAM-1 promotes cell motility. Our finding that the expression of CS-SHP-2 abrogated the enhanced motility observed after transfection with PECAM-1 led us to also explore the effects of our SHP-2 constructs upon filopodia formation by REN-HP cells (Fig. 4) . REN cell transfectants expressing PECAM-1 are characterized by numerous, long filopodia (Fig. 4B) . Although REN-HP transfectants expressing WT-SHP-2 or 2YF-SHP-2 were morphologically similar to control REN-HP cells (Fig. 4, C and E) , transfectants 4, and lanes 7 and 8, compared with lanes 1 and 2) . D: densitometry confirmed that the ERK activation mediated by PECAM-1 (expressed as the ratio of wounding/control) was suppressed by coexpression of CS-SHP-2. Data are presented as means Ϯ SE (n ϭ 3; *P Ͻ 0.05, compared with REN-HP/WT cells). The densitometry were all initially normalized to total ERK expression. (The data presented in A and C are from the same experiment and the same gel for each antibody. They are representative of 3-4 experiments).
expressing CS-SHP-2 had filopodia morphology that was reminiscent of the nontransfected REN cells (Fig. 4, A and D) . The mean filopodia length was determined for the various cell lines and was found for the REN-HP cells to be twice that of the nontransfected REN cells (Fig. 4F) . Although the mean filopodia lengths for the REN-HP/WT-SHP-2 and REN-HP/2YF-SHP-2 cells were comparable to the REN-HP cells, the mean filopodia length for the REN-HP/CS-SHP-2 transfectants was not significantly different from that of the nontransfected REN cells. Filopodia formation in REN cells was not affected by the expression of the SHP-2 constructs (data not shown). These findings parallel what we observed for cell migration (Fig. 3) and implicate PECAM-1/SHP-2 interactions in the formation of filopodia during PECAM-1-dependent cell motility.
Pharmacological inhibition of SHP-2 phosphatase activity inhibits PECAM-1-dependent motility and filopodia formation. The data presented above, based on a molecular approach, provided evidence that PECAM-1-dependent cell motility and filopodia formation are mediated through the phosphatase activity of SHP-2. To confirm these findings with an alternative strategy, we also studied the effects of NSC-87877, a potent and specific inhibitor SHP-2 phosphatase activity, on the behavior of REN and REN-HP cells (13) . NSC-87877 (20 M) induced a very modest and comparable (ϳ10%) inhibition of proliferation in both cell lines (Fig. 5A) . In contrast, the enhanced cell migration and filopodia formation induced by the presence of PECAM-1 in REN-HP cells were completely abrogated by NSC-87877, without any effects on the motility and filopodia of the control REN cells (Fig. 5, B and C) . A similar pattern of effects was seen with HUVEC treated with this inhibitor (data not shown). These data thus provide pharmacological confirmation of the importance of the SHP-2 phosphatase activity in PECAM-1-dependent cell motility.
Expression of PECAM-1 increases ERK activation, an effect inhibited by expression of phosphatase-inactive SHP-2.
MAPK has been shown to play a role in cell motility and in the formation of filopodia (6, 14, 22, 37, 51) . The activation of extracellular signal-regulated kinase (ERK) was therefore determined in REN and REN-HP cells (Fig. 6) . We found that ERK activation following wounding of confluent cell monolayers was increased in the REN-HP cells compared with the control REN cells (Fig. 6, A and B) . The increase in ERK activation resulting from the presence of PECAM-1 in REN-HP cells was not enhanced further by the expression of WT-SHP-2 but was abrogated by the expression of CS-SHP-2 (Fig. 6, B and C) . PECAM-1-dependent ERK activation was not altered by the presence of 2YF-SHP-2. ERK phosphorylation in REN cells during wound-induced migration was not significantly altered by the expression of these SHP-2 constructs (data not shown). This suggests that catalytically active SHP-2 in the context of PECAM-1-dependent cell motility mediates an activation of the ERK/MAPK pathway.
Expression of PECAM-1 suppresses paxillin tyrosine phosphorylation, an effect reversed by expression of phosphataseinactive SHP-2. One model for the activation of ERK involves the tyrosine dephosphorylation of paxillin and the subsequent release of Src kinase from paxillin-dependent inhibition (14, 37) . We therefore assessed the effects on paxillin tyrosine phosphorylation of expressing the SHP-2 constructs in REN-HP cells (Fig. 7) . As has been previously reported (35) , we found that the overall level of paxillin tyrosine phosphorylation following wounding was significantly reduced in REN-HP cells compared with control REN cells (Fig. 7A, lane 2 compared with lane 1) . In REN-HP cells that expressed WT-SHP-2 or 2YF-SHP-2, the levels of paxillin tyrosine phosphorylation were similarly reduced (Fig. 7A , 5 compared with lane 2) . In contrast, when CS-SHP-2 was expressed in REN-HP cells, paxillin tyrosine phosphorylation was preserved and even enhanced compared with that of nontransfected REN cells (Fig. 7A, lane 4 compared with lane 1 and Fig. 7B ). Phosphopaxillin levels in REN cells during wound-induced migration were not increased by the presence of the CS mutant (data not shown). These data provide evidence of a mechanistic role for SHP-2 in the stimulation of PECAM-1-dependent cell motility through the dephosphorylation of paxillin and the subsequent activation of the ERK/MAPK pathway.
PECAM-1-dependent tube formation is not inhibited by the expression of phosphatase-inactive SHP-2.
A number of studies have demonstrated that the presence of PECAM-1 promotes the in vitro formation of cord-like/tubular networks by endothelial cells or cellular transfectants expressing PECAM-1 (8, 35, 52) . We therefore studied the ability of PECAM-1 transfectants expressing our SHP-2 mutants to form tubular structures on Matrigel (Fig. 8) . We found that cord/tube formation was similar in control REN-HP transfectants and transfectants expressing the SHP-2 constructs (Fig. 8, E-I ). In particular, although the CS-SHP-2 mutant inhibited PECAM-1-dependent motility (Fig. 3A) , it did not suppress PECAM-1-dependent cord/tube formation (Fig. 8, G and I ). This suggests that the stimulation of cord-like/tubular networks mediated by the expression of PECAM-1 is not due merely to an enhancement in cell motility and may be less dependent on PECAM-1/ SHP-2 interactions.
DISCUSSION
The studies in this paper were done with the overall goal of furthering our understanding of the role of PECAM-1 as a mediator of endothelial cell motility during angiogenesis. The mechanisms by which PECAM-1 enhances cell migration still remain to be determined, although previous studies have indirectly implicated a role for SHP-2 in the ability of PECAM to stimulate endothelial cell motility (35) . In these prior investigations, the ability of PECAM-1 to promote cell migration was eliminated by mutations of Y663 and Y686 in the cytoplasmic domain that led to the loss of the molecule's ability to bind to SH2 domain containing proteins such as SHP-2 (35) . In this report we specifically demonstrate that overexpression of catalytically inactive SHP-2, but not wild-type SHP-2 or SHP-2 in which the adaptor/scaffold functions have been disabled, eliminates the ability of PECAM-1 to enhance cell migration (Fig.  3) . Given that the various SHP-2 constructs were expressed at comparable levels, the effects of the catalytically inactive SHP-2 are unlikely to be related to "flooding" the cells with excess SHP-2. In addition, the enhanced motility mediated by the presence of PECAM-1 was completely abrogated by a specific pharmacological inhibitor of SHP-2 phosphatase activity (Fig. 5) . Consequently, our studies now provide direct evidence for the involvement of SHP-2 in PECAM-1-dependent motility. These data also point to the importance of the phosphatase activity of SHP-2, rather than its adaptor/scaffold functions, in this process.
Although there is still more to be learned, our data offer some clues regarding the activity of SHP-2 as a mediator of PECAM-1-dependent motility. First, in REN-HP cells expressing the phosphatase-inactive SHP-2 mutant, both at rest or following wounding, we found that the levels of PECAM-1 tyrosine phosphorylation and SHP-2 association were significantly increased when compared with control REN-HP cells. In contrast, significant changes were not induced by the expression of the other constructs (Fig. 2) . These data are consistent with a dynamic interaction between SHP-2 and PECAM-1 in which the level of PECAM-1 tyrosine phosphorylation, and thus SHP-2 binding, are regulated in part by bound, catalytically active SHP-2.
Second, we found that the stimulation of migration and filopodia formation induced by the expression of PECAM-1 was associated with increased ERK activation that was suppressed by coexpression of catalytically inactive SHP-2 (Fig.  6 ). There are a number of downstream targets of activated ERK (e.g., MLCK, FAK, and calpain) whose phosphorylation promotes processes required for efficient cell locomotion (12, 14, 22) . For certain stimuli, SHP-2 may mediate the activation of ERK (14, 37) . Our finding that PECAM-1-dependent cell migration was associated with increased ERK activation, which was inhibited by phosphatase-inactive SHP-2 ( Fig. 5) , is therefore consistent with previous reports. Furthermore, these data suggest that PECAM-1 in the context of endothelial cell motility, through SHP-2, may play a role in the upstream regulation of ERK.
Finally, our data suggest a mechanism for this PECAM-1-dependent ERK activation. During wound-induced migration we observed that PECAM-1 mediated a significant dephosphorylation of paxillin that was reversed by coexpression of phosphatase-inactive SHP-2 (Fig. 7) . This is significant because there is evidence that Csk, by binding to phosphorylated paxillin, mediates inhibitory signals that repress ERK activation (14, 37) . In initial studies, we have observed that the amount of Csk associated with paxillin during woundinduced migration was always significantly greater in the cells expressing the CS-SHP-2 mutant compared with the other transfectants (data not shown). Consequently, in the setting of PECAM-1-stimulated cell migration, dephosphorylation of paxillin by SHP-2, which was recruited and potentially activated by PECAM-1, may serve to trigger an ERK/MAPKdependent signaling cascade by relieving Csk-mediated inhibition.
Our finding that expression of the catalytically inactive SHP-2 construct in REN-HP suppresses PECAM-1-dependent cell motility without inhibiting the capacity of these cells to form cord-like/tubular networks (Fig. 8) suggests that the ability of PECAM-1 to promote in vitro cord/tube formation is independent of its ability to stimulate cell migration. Additionally, in previous studies we have shown that loss of the ability of PECAM-1 to bind to SH2 domain containing proteins inhibits PECAM-1-dependent in vitro tube formation, implicating molecules such as SHP-2 in this process (15) . Our data, however, suggest this inhibition is not due to the loss of a PECAM-1/SHP-2 interaction, pointing to the possibility that other PECAM-1-binding, SH2 domain containing proteins, may substitute for or be more important than SHP-2 in mediating the ability of PECAM-1 to stimulate to the formation of tubular/cord-like networks. We would stress Fig. 9 . A proposed model for the involvement of PECAM-1 in endothelial cell motility during angiogenesis. Angiogenic factors and/or conditions stimulate PECAM-1 tyrosine phosphorylation and the binding of SHP-2 to PECAM-1 (step 1). This association of SHP-2 with PECAM-1 results in activation of its phosphatase activity (step 2). The activated SHP-2 dephosphorylates the PECAM-1 molecule to which it is bound, leading to its release from PECAM-1 (step 3). The liberated SHP-2 subsequently targets paxillin, dephosphorylating it (Step 4), to trigger events such as the turnover of focal adhesions and ERK-mediated activation of filopodia formation, which ultimately promote endothelial cell motility. (Tyr ϭ residues 663 and 686; P ϭ phosphate). that our data neither preclude some other molecular interaction with PECAM-1 that might contribute to junctional stabilization, nor do they exclude the involvement of PECAM-1 in the maintenance of junctional stability during quiescence.
Although a number of elements remain to be confirmed, we propose a model (Fig. 9) for the involvement of PECAM-1 in endothelial motility during angiogenesis in which angiogenic factors and/or stimuli trigger the tyrosine phosphorylation of PECAM-1 and the subsequent binding of SHP-2 to PECAM-1. This PECAM-1/SHP-2 interaction accomplishes two things: the recruitment of SHP-2 to the membrane and the activation of its phosphatase activity, possibly by conformational changes stimulated by PECAM-1-binding. With its phosphatase activity now "turned on," SHP-2 then dephosphoylates the PECAM-1 molecule to which it is bound, resulting in the release of SHP-2. The liberated SHP-2, now localized at the membrane, promotes the turnover of focal adhesions by dephosphorylating constituent proteins such as paxillin (35) . The membrane-localized SHP-2 also mediates dephosphoylation events that activate the ERK pathway, a consequence of which is the enhanced formation of filopodia. The net effects of these events are increased cell motility and a role for PECAM-1 in facilitating these processes through the recruitment and activation of SHP-2.
